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Executive Summary 
 The purpose of the project was to develop a correlation between electrospun 
polyvinylpyrrolidone (PVP) fiber mat thickness, basis weight, and fiber diameter. Subsequently, 
correlations between basis weight and pore size distribution and air permeability were developed. 
The definitive relationship between PVP fiber diameter and thickness was unknown. It was 
speculated that a thinner fiber would produce a thicker mat. Similarly, while the pore size 
distribution and air permeability of PVP had been measured, exactly how the two properties related 
to thickness and basis weight was unknown. Pore size was expected to decrease as fiber diameter 
decreased and basis weight increased. Permeability was expected to decrease as basis weight 
increased. Previously, a thickness measurement machine was developed by Jianyu Zhou. The work 
of this project concurrently aided in the progression of the machine’s capabilities.  
 Electrospinning conditions of PVP polymer solutions were investigated to collect fiber 
with varies diameters. Fiber diameter distributions were analyzed with the help of a Scanning 
Electron Microscope (SEM, TM3000, Hitachi, Japan) and FibraQuant 1.3 software (NanoScaffold 
Technologies LLC, Chapel Hill, NC). Four conditions were chosen for fiber mat thickness study, 
with the fiber diameter distributions, listed in Table 2, 0.284 ± 0.104 µm, 0.379 ± 0.128 µm, 0.520 
± 0.138 µm, and 0.733 ± 0.177 µm, respectively.   
 The thickness of several basis weight samples was measured for each fiber diameter using 
the thickness measurement instrument. The thickness (nm) was plotted versus basis weight (g/m2), 
as seen in Figure 10. The thinnest diameter fiber produced the thickest mat, regardless of basis 
weight. 
 The pore size distribution of the 0.520 µm diameter fiber was measured using samples of 
different basis weights. The pore diameter size (µm) was plotted against the basis weight (g/m2) 
in Figure 11. The average and bubble-point (largest) pore size was larger at low basis weights and 
quickly decreased as basis weight increased. The bubble point and average pore size remained 
mostly constant after approximately 12.0 g/m2.  
 The air permeability of the 0.520 µm diameter fiber was measured using samples of 
multiple basis weights. The permeability (Darcy) was plotted versus pressure drop (PSI) in Figure 
12. The permeability decreased as the pressure drop increased for all samples. There was no 
consistent trend between permeability and basis weight. 
A lower concentration of PVP produced a thinner fiber. Increasing the distance from the needle 
tip to the sample collector decreased fiber diameter when PVP concentration was constant. The 
thinnest diameter fiber produced the thickest mat, regardless of basis weight, due to having a 
greater number of fibers in the sample area than a thicker fiber. Pore size decreased as basis weight 
increased, due to the layers of fiber reaching a maximum compression and achieving a constant 
average pore size. As the air flow and pressure drop increased, air permeability decreased. No 
definitive conclusion can be drawn relating basis weight to air permeability. 
The thickness measurement in conjunction with material property correlations could be used 
in a quality control capacity. The ability to accurately estimate a sample’s properties based on one 
measurement would allow for modeling and prediction of performance, saving time and money. 
Technical skills gained as a result of this project include preparing polymer solutions, 
electrospinning, operation of Jianyu Zhou’s thickness measurement machine, and operation of the 
PMI Capillary Flow Porometer. Career and personal skills gained include preparing technical 
posters and presenting a project at a technical conference.  
The work in this report should be duplicated, in order to verify all results, starting with 
remeasuring the fiber diameter distributions. The pore size distribution and permeability should be 
tested for the 0.284 µm ± 0.104 µm, 0.379 µm ± 0.128 µm, and 0.733 µm ± 0.177 µm fibers. Once 
the results have been plotted, conclusions can be drawn concerning the relationships between fiber 
diameter, basis weight, pore size, and air permeability. 
  
Introduction 
 The correlation between electrospun polyvinylpyrrolidone (PVP) fiber mat thickness, basis 
weight, and fiber diameter were unknown, as was the relationship between basis weight, pore size 
distribution, and air permeability. The purpose of this project was to determine the relationship 
between those five properties. Electrospun polyvinylpyrrolidone fiber was chosen as the sample 
medium. Polyvinylpyrrolidone has been previously spun using an ethanol/methanol/isopropyl 
alcohol solvent, but its properties have not been systematically tested. The relationship between 
pore size distribution, air permeability, and basis weight has been hypothesized but not 
systematically tested. The work of this project concurrently aided in the advancement of a 
prototype thickness measurement machine developed by Jianyu Zhou. This project can be 
referenced during future work looking to develop correlations between various properties for 
electrospun fiber mats. 
Background 
Electrospinning is a method used to produce small diameter fibers. An electric field is 
generated between a needle tip and a grounded sample collector, which causes polymer fibers to 
form from polymer/solvent solution upon entering the electric field. Electrospinning can be used 
to create fiber mats for use in filtration. Removing water from diesel fuel is an application for 
electrospun fiber mats. Electrospinning can also be used to create fiber composite materials by 
embedding long, small diameter fibers into a polymer, creating a composite with a high fiber filling 
without dramatically increasing weight. 
Experimental Methods 
 Polyvinylpyrrolidone was the chosen polymer based on prior knowledge and previous 
experimental results. PVP was known to spin consistently and without excessive beading in an 
89.5-91.5% ethanol, 4.0-5.0% methanol, 4.5-5.5% isopropyl alcohol solvent. Fiber mat samples 
were created using the electrospinning set-up illustrated in Figure 1. Four solutions with 8%-11% 
PVP concentrations were created. Samples were spun with voltages ranging from 20 -30 kV and 
distances of 13-24 cm from needle tip to grounded collector for each concentration, with the 
purpose of creating four distinct fiber diameters. The fiber condition was determined via SEM 
imaging. When a sample was determined to have bead-free fibers, six images were taken at 5000x 
magnification. These images and FibraQuant software were used to determine the fiber diameter 
distributions of the samples. The four conditions chosen to make samples for further testing are 
listed in Table 1.  
 Figure 1: Electrospinning set-up. 
 
Table 1: Conditions 1-4 used to create fiber mat samples. 
Condition Concentration 
PVP 
Flow Rate 
(mL/hr) 
Power (kV) Distance (cm) 
1 8% 2 25 16 
2 9% 2 25 16 
3 11% 2 20 24 
4 11% 2 30 13 
 
Once fiber diameters were determined, samples of varying basis weights were made for 
each fiber diameter. The basis weight is the mass of the electrospun fiber mat dived by the area of 
the mat, giving the unit grams per square meter. The thickness of each sample was measured using 
a prototype thickness measurement instrument developed by Jianyu Zhou, seen in Figures 2, 3. To 
measure the thickness, fiber was spun onto a glass slide. Fiber was then removed from the left and 
right sides of the glass slide, leaving a defined area of fiber mat in the middle of the slide. The 
thickness measurement instrument’s probe was then lowered until contact was made with the 
silver-coated weight sitting on the glass slide. The probe was then raised and lowered again until 
contact was made with the silver-coated weight sitting on the fiber mat. The difference between 
the two measurements was taken as the thickness of the fiber mat. The thickness of the mat was 
measured several times, then averaged.1 This set-up can be seen in Figure 4. 
 Figure 2: Prototype 2 thickness measurement instrument using laser interferometry with PC 
readout and motorized auto-stop pin movement. 
 
 
Figure 3: PC readout for prototype thickness measurement instrument. 
 Figure 4: Thickness measurement instrument probe and glass slide with fiber mat sample. 
The pore size distribution and air permeability were measured for varying basis weight 
samples of the 0.520 µm diameter fiber (Condition 3), using the PMI Capillary Flow Porometer, 
seen in Figures 5, 6. The basis weight of each sample was determined by measuring the length and 
width of the sample three times each and averaging the length and width. From these an average 
area was determined. The mass of the aluminum foil with the fiber sample and the aluminum foil 
without the fiber sample were measured to determine the weight of the fiber sample. Tweezers 
were used to carefully separate the fiber sample from the aluminum foil. The fiber sample was 
then placed directly into the testing chamber of the PMI Capillary Flow Porometer. A max flow 
rate of 20,000 cc/m was allowed for the air permeability test. A max flow rate of 100,000 cc/m 
was allowed for the pore size distribution test. 
 
 Figure 5: PMI Capillary Flow Porometer used to measure pore size distribution and air 
permeability. 
 
 
Figure 6: Test chamber of PMI Capillary Flow Porometer. 
Data and Results 
 The fiber diameter distribution for each of the four conditions listed in Table 2 were 
determined using a Scanning Electron Microscope and the FibraQuant software. Figure 7 shows 
the fiber diameter distribution for Condition 1. Condition 1 gave an average diameter of 0.284 µm 
with an error of 0.104 µm. Figure 8 shows the fiber diameter distribution for Condition 2. 
Condition 2 gave an average diameter of 0.379 µm with an error of 0.128 µm. Figure 9 shows the 
fiber diameter distribution for Condition 3. Condition 3 gave an average diameter of 0.520 µm 
with an error of 0.138 µm. Figure 10 shows the fiber diameter distribution for Condition 4. 
Condition 4 gave an average fiber diameter of 0.733 µm with an error of 0.177 µm.   
Table 2: Concentration, flow rate, power, distance from needle tip to grounded aluminum foil 
sample collector, and average fiber diameter for conditions 1-4. 
Condition Concentration 
PVP 
Flow Rate 
(mL/hr) 
Power (kV) Distance (cm) Average 
Fiber 
Diameter 
(µm) 
1 8% 2 25 16 0.284 ± 0.104 
2 9% 2 25 16 0.379 ± 0.128 
3 11% 2 20 24 0.520 ± 0.138 
4 11% 2 30 13 0.733 ± 0.177 
 
 
Figure 7: Fiber diameter distribution of fiber sample spun using Condition 1 from Table 1. The 
average fiber diameter was 0.284 ± 0.104 µm. 
 Figure 8: Fiber diameter distribution of fiber sample spun using Condition 2 from Table 1. The 
average fiber diameter was 0.379 ± 0.128 µm. 
 
 
Figure 9: Fiber diameter distribution of fiber sample spun using Condition 3 from Table 1. The 
average fiber diameter was 0.520 ± 0.138 µm. 
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 Figure 10: Fiber diameter distribution of fiber sample spun using Condition 4 from Table 1. The 
average fiber diameter was 0.733 ± 0.177 µm. 
 The thickness of various basis weight samples was measured for each of the four fiber 
diameters using the thickness measurement instrument developed by Jianyu Zhou. The thickness 
was plotted versus basis weight, as seen in Figure 11. The thinnest diameter fiber produced the 
thickest mat, regardless of basis weight. Table 3 in the Appendix lists the complete thickness 
measurement test results. 
 
Figure 11: Plot of fiber mat thickness (nm) versus basis weight (g/m2) for four fiber diameters. 
Best fit lines based on regression analysis are included. 
 The pore size distribution of multiple basis weights was measured for the 0.520 µm 
diameter fiber. The pore diameter size was plotted against basis weight in Figure 12. The average 
and bubble point, or largest, pore size was higher at low basis weights and quickly decreased as 
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basis weight increased. The bubble point and average pore size leveled off after approximately 
12.0 g/m2. Table 4 in the Appendix lists the complete pore size distribution test results. 
 
Figure 12: Plot of the pore diameter size (µm) versus basis weight (g/m2) for the 0.520 µm diameter 
fiber.  
 The air permeability of multiple basis weights was measured for the 0.520 µm diameter 
fiber. The permeability was plotted versus pressure drop in Figure 13. The permeability decreased 
as the pressure drop increased for all samples. Table 5 in the Appendix lists the complete air 
permeability test results. 
 
Figure 13: Plot of the air permeability (Darcy) versus pressure drop (PSI) of samples of 0.520 µm 
diameter fiber with different basis weights. 
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Discussion/Analysis 
 Fiber diameter was measured using SEM imaging and FibraQuant software. One SEM 
sample was prepared from each electrospun fiber mat – these samples were prepared by multiple 
people. Each SEM sample was viewed in multiple locations. Images were then taken if the sample 
was determined to be bead-free. The fiber diameter distribution prepared from FibraQuant involves 
user estimation of the fiber diameter. Potential errors were introduced by having multiple people 
prepare and measure samples. The fiber diameter distributions should be validated in the future by 
preparing new samples using each of the four conditions listed in Table 1 and measuring the fiber 
diameters several times.  
 The thickness measurements showed that the thinnest diameter fiber, 0.284 µm, produced 
the thickest mat. The 0.284 µm diameter fiber produced a thicker mat due to a larger number of 
fiber strands occupying the same amount of space when compared to a thicker diameter fiber. This 
was the expected result. It was expected that thicker, heavier fibers would be compressed more 
than thinner, lighter fibers. Post-discussion with industry experts, it was determined that the 
difference in the number of fibers in each sample was the dominant factor affecting sample 
thickness. There is a discrepancy with the 0.379 µm and 0.520 µm diameter fiber results. It was 
expected that the results would go from the thinnest fiber to the thickest. Instead, the 0.520 µm 
fiber has thicker mats than the 0.379 µm fiber. The basis weights measured during this project 
should be retested. The thickness versus basis weight plot shown in Figure 11 should also be 
improved in the future via the measurement of more samples of different basis weights. 
The pore size distribution results for the 0.520 µm fiber showed that pore size decreased 
as basis weight increased, as seen in Figure 12. This was the hypothesized behavior. This behavior 
is due to an increased number of fibers occupying the same area as basis weight increases. There 
is also a small amount of compression as the thickness increases. This decreases the pore size. The 
pore size levels off after a certain basis weight due to the initial layers of fiber reaching a maximum 
compression and keeping the average pore size constant. 
The results of the air permeability test for the 0.520 µm fiber showed that permeability 
decreased as the pressure drop increased, as seen in Figure 13. This was the hypothesized behavior. 
It was expected that permeability would decrease as basis weight increased. Instead the results 
were not monotonically correlated to basis weight. The approximately 2 g/m2 sample had the 
lowest permeability while the approximately 22 g/m2 sample had the second highest permeability. 
The inconsistency in results could result from inconsistency in sample preparation. The 
electrospun fiber mat samples are also not perfectly uniform. Figure 13 shows the results of one 
sample tested for each basis weight. In the future several more samples should be tested for each 
basis weight, in order to determine if the inconsistent results derive from error or an incorrect 
hypothesis. 
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Appendices 
Table 3: Thickness measurement in nm and basis weight in g/m2 (GSM) for each fiber size. 
284 nm 379 nm 520 nm 733nm 
GSM Thickness (nm) GSM Thickness (nm) GSM Thickness (nm) GSM Thickness (nm) 
7.7 130.139 12.4 193.367 5.8 75.191 12.1 120.901 
7.7 129.493 12.4 193.128 5.8 75.655 12.1 120.619 
7.7 128.989 12.4 193.798 5.8 74.66 12.1 120.44 
7.7 120.892 12.4 188.365 5.8 75.765 12.1 130.696 
7.7 120.847 12.4 188.564 5.8 75.571 12.1 130.598 
7.7 121.801 12.4 188.51 5.8 75.789 12.1 130.301 
7.7 127.509 12.4 196.01 5.8 79.603 12.1 196.608 
7.7 128.04 12.4 196.246 5.8 79.644 12.1 196.203 
7.7 127.793 12.4 197.049 5.8 79.503 12.1 196.843 
18.4 338.219 24.3 310.87 15.4 211.003 30.5 413.26 
18.4 337.024 24.3 311.142 15.4 211.846 30.5 413.274 
18.4 337.179 24.3 311.258 15.4 211.963 30.5 413.305 
18.4 326.485 24.3 308.405 15.4 206.035 30.5 423.526 
18.4 327.63 24.3 308.099 15.4 206.386 30.5 423.664 
18.4 328.059 24.3 308.39 15.4 206.153 30.5 423.342 
18.4 341.364 24.3 328.139 15.4 238.74 30.5 448.913 
18.4 342.308 24.3 327.436 15.4 238.319 30.5 448.607 
18.4 342.006 24.3 327.963 15.4 238.634 30.5 448.846 
26.8 423.34 33.3 521.21 29.2 479.343 34.2 496.952 
26.8 422.108 33.3 521.282 29.2 478.653 34.2 496.188 
26.8 422.289 33.3 521.218 29.2 477.273 34.2 496.036 
26.8 429.978 33.3 514.567 29.2 471.565 34.2 486.075 
26.8 430.331 33.3 513.918 29.2 470.927 34.2 486.28 
26.8 429.469 33.3 514.031 29.2 470.191 34.2 486.583 
26.8 429.355 33.3 504.96 29.2 481.027 34.2 499.939 
26.8 429.57 33.3 504.372 29.2 480.672 34.2 500.663 
26.8 429.638 33.3 505.201 29.2 480.216 34.2 500.034 
 
  
Table 4: Pore size distribution results for 0.520 µm diameter fiber samples. 
Sample ID Basis Weight (g/m2) Thickness (nm) Mean Pore Size Bubble Point Pore Size 
PVP-520-09 2.04 32.22 5.1536 9.0544 
PVP-520-06 3.98 62.81 5.2741 8.4519 
PVP-520-08 6.68 105.40 4.6308 8.7857 
PVP-520-04 8.16 128.77 3.3237 5.505 
PVP-520-03 10.32 162.93 2.9237 5.6052 
PVP-520-02 12.48 196.96 2.0087 3.3638 
PVP-520-07 21.63 341.44 2.6569 4.5468 
PVP-520-05 29.44 464.67 2.1593 4.2741 
PVP-520-10 27.06 427.10 1.6647 3.9428 
PVP-520-12 1.65 26.04 5.8865 22.3981 
 
Table 5: Permeability test results for samples of 0.520 µm diameter fiber mats. 
Sample 
PVP-520-01 PVP-520-02 PVP-520-03 PVP-520-04 
PSI Darcy PSI Darcy PSI Darcy PSI Darcy 
0.013 43.631 0.022 5.848 0.017 12.049 0.019 8.335 
0.076 11.167 0.062 2.987 0.033 7.279 0.064 3.730 
0.109 9.234 0.157 1.980 0.084 4.090 0.138 2.559 
0.138 8.287 0.366 1.508 0.337 2.333 0.339 1.816 
0.180 7.428 0.622 1.290 0.413 2.208 0.399 1.728 
0.258 6.465 0.773 1.210 0.560 2.048 0.493 1.636 
0.364 5.766 1.118 1.079 
  
    
 
Table 6: Permeability test results for samples of 0.520 µm diameter fiber mats. 
Sample 
PVP-520-05 PVP-520-06 PVP-520-07 PVP-520-08 PVP-520-09 
PSI Darcy PSI Darcy PSI Darcy PSI Darcy PSI Darcy 
0.025 8.723 0.012 17.711 0.011 17.263 0.014 17.428 0.014 7.587 
0.035 7.108 0.029 8.257 0.043 6.360 0.066 5.600 0.035 3.552 
0.064 5.110 0.060 5.065 0.144 3.559 0.124 4.025 0.063 2.423 
0.159 3.568 0.084 4.188 0.473 2.575 0.173 3.498 0.090 1.989 
0.384 2.815 0.116 3.564 0.671 2.408 0.254 3.047 0.123 1.698 
0.659 2.456     0.891 2.286     
 
  
0.935 2.230     
  
    
 
  
1.193 2.085     
  
    
 
  
1.540 1.983                 
 
Honors Abstract Addendum 
This project developed correlations between electrospun polyvinylpyrrolidone fiber mat 
thickness, basis weight, fiber diameter, pore size, and air permeability. The hypotheses were 
thinner fibers produce thicker mats, pore size decreases with fiber diameter, pore size and 
permeability decrease as basis weight increases. Project results could be used for modeling or 
quality control purposes. 
 Fiber diameter distributions were analyzed using a Scanning Electron Microscope and 
FibraQuant 1.3 software. Four conditions were chosen for further study: 0.284 ± 0.104 µm, 0.379 
± 0.128 µm, 0.520 ± 0.138 µm, and 0.733 ± 0.177 µm. Lower PVP concentrations produced thinner 
fibers. 
 Sample thickness (nm) was measured then plotted versus basis weight (g/m2). The thinnest 
diameter fiber produced the thickest mat, due to increased numbers of fibers in the sample area. 
The pore size distribution and permeability of 0.520 µm diameter fiber samples were measured. 
Pore diameter (µm) was plotted versus basis weight. Average pore size was larger at low basis 
weights, decreasing as basis weight increased, due to fiber layers achieving constant compression. 
Average pore size remained constant after approximately 12.0 g/m2. Permeability (Darcy) was 
plotted versus pressure drop (PSI). Permeability decreased as pressure drop increased, with no 
trend between permeability and basis weight. 
 
